Several methods have been proposed to estimate the settlement of sands during earthquake shaking over the past forty years. Most of these methods have focused on sands in dry or water-saturated conditions, leaving a gap in our basic understanding of the mechanisms of earthquake-induced settlements of partiallysaturated sands. The goal of this paper is to synthesize experience from the technical literature to form the basis of a quasi-effective stress-based methodology for prediction of the settlement of level, unsaturated sand profiles during earthquake shaking. An equivalent linear approach that includes an expression for the effective stress in unsaturated sands and an empirical definition of the pore water pressure generation during cyclic loading was deemed to be the most practical means of analysis. Results from the literature indicate that this approach is capable of considering the impacts of earthquake magnitude and stress state on the interrelationships between dynamic soil properties, pore water pressure response, and plastic volumetric straining expected during shaking. Proper consideration of these variables is necessary for accurate estimation of the settlement of unsaturated sands during earthquake shaking.
Introduction
Settlement of soils is one of the most important issues in geotechnical engineering, as differential movements may cause distress in earth structures or buildings founded in the soil. Most methodologies that have been used to predict settlement in sands involve either quasi-static load-settlement analysis, in which the total stress is increased while maintaining a constant (or zero) pore water pressure, or dynamic load-settlement analysis, in which the pore water pressure is increased during applications of loading cycles while the total stress remains constant.
The settlement of unsaturated sands during cyclic loading is a topic that has not received significant attention in the technical literature. However, an understanding of this topic is critically needed because unsaturated soils are present in the majority of geotechnical engineering projects. Further, their settlement behavior may differ from those predicted by models based on saturated or dry conditions, which can lead to a inefficient or unsafe design. One reason that the behavior of unsaturated soils has been ignored is that saturated conditions are generally regarded as a worst-case scenario because of the possibility for liquefaction. Researchers correctly believe that saturated soils will experience greater pore water pressure generation and settlement during subsequent dissipation (Chaney 1978; Yoshimi et al. 1989) . Nonetheless, there are several soils that will not experience liquefaction, making liquefaction-based settlement analysis for unsaturated soils inappropriate and potentially over-conservative. Another reason for a lack of evaluation of this topic is a difficulty in quantifying the impact of stress state on the dynamic response of unsaturated soils. Although several approaches have been used to quantify the effective stress state in unsaturated soils (Fredlund and Morgenstern 1977; Lu and Likos 2006) , they have not been implemented in dynamic settlement analyses.
Seismically Induced Settlement of Sands

Seismic Settlement of Dry Sand
Early studies on the settlement of sand layers during earthquake shaking considered the soil to be in dry conditions. At that time, it was believed that the settlement of dry sands during earthquake loading occurs due to compression of the void spaces (Silver and Seed 1971) . D'Appolonia (1968) and Youd (1970) reported that there is threshold cyclic acceleration beyond which a sand sample will begin to densify due to collapse of the air-filled voids. Hsu and Vucetic (2004) later confirmed this concept and proposed threshold cyclic strain ranges for different materials. Silver and Seed (1971) examined the volume change in sands under cyclic loading and showed that the cyclic shear strain, number of cycles, confining pressure and relative density affect the volume change of sands. Seed and Silver (1972) suggested a procedure to predict the settlement of dry sand under earthquake loading. Finn and Byrne (1976) improved the dynamic response part of the analysis by considering the soil layer as a multi-degree-of-freedom system of springs and dashpots. Tokimatsu and Seed (1987) simplified their procedure by substituting the response analysis with an approximate procedure to estimate the shear strain. A semi-analytical technique, referred to as the equivalent linear approach, is summarized in the following steps: (1) Calculate the average cyclic stress at each depth as follows:
where is the maximum horizontal acceleration at the ground surface, is the total overburden pressure at each depth and is the stress reduction factor which varies from a value of 1 at ground surface to 0.9 at 30 ft depth.
(2) Estimate the small strain shear modulus ( ). Seed and Idriss (1970) suggested a relationship for the small-strain shear modulus, as follows:
(2) where K is a function of the relative density and is the mean effective stress. (3) Calculate the shear strain by dividing the average cyclic stress to shear modulus. (4) Shear modulus of the sand is a strain dependent parameter. Experimental data shows that the shear modulus decreases with higher strain values (Iwasaki et al., 1978) as shown in Figure 1(a) . Thus, the shear modulus value is updated based on the current strain level and the mean effective stress. (5) Recalculate the shear strain and the new shear modulus and continue this iterative process to reach a reasonable tolerance. (6) The volumetric strain at each depth can be found for any shear strain level and soil density from the experimental tests as shown in Figure 1(b) . The equivalent number of cycles depends on the earthquake magnitude. (7) Multiply the vertical strain by the height of the layer and integrate the settlement over the entire depth of the sand layer. (Iwasaki et al. 1978) ; (b) Volumetric strain due to compaction for different shear strain and relative densities (after Silver and Seed, 1971) The settlement of a layer of dry sand under earthquake loading occurs due to collapse of soil pores. Application of seismic loads to a sand layer induces shear strain in the sand which causes void spaces to collapse, leading to densification and settlement. The magnitude of densification depends on the seismic load strength (cyclic shear strain and maximum ground acceleration), soil density, and soil shear modulus. The equivalent linear method is an approximate method to calculate the induced stress and strain in a layer of soil due to earthquake shaking, and follows the same procedure as that of Tokimatsu and Seed (1987) . The output data obtained from this method can be used to perform the deformation analysis. GeoStudio is a finite element software package that includes QUAKE/W and SIGMA/W, suitable for earthquake response and stress-deformation analyses, respectively (GeoStudio Manual, 2007) . The results obtained from QUAKE/W (e.g., stresses induced by the earthquake loading) can be sent to SIGMA/W for prediction of the deformations corresponding to these stresses. In dynamic deformation analysis, SIGMA/W reads the stress values at each time increment and calculates the deformations based on the selected constitutive model. The surface settlement of a 50 ft-thick layer of dry sand having a relative density of 45% during earthquake loading was computed using this approach, and is shown in Figure 2 . The acceleration time history of the El Centro earthquake in 1940 was used as input motion at the base of the sand layer. This earthquake record was scaled to provide two different acceleration histories with maximum accelerations of 0.3g and 0.45g. Volumetric strain (%)
Figure 1. Dynamic soil behavior of dry sands: (a) Shear modulus reduction function
Cyclic shear strain (%) (b) Figure 2 . Surface settlement of dry soil layer calculated using the analytical model of Finn and Byrne (1976) and an equivalent linear analysis in GeoStudio
®
The permanent surface settlement of the sand layer was also estimated using the empirical approach of Finn and Byrne (1976) . Good agreement was observed between the modeling and empirical approaches.
Seismic Settlement of Saturated Sand
When a fast and strong motion is applied to the base of a saturated, loose sand layer, a rapid change of total stresses is produced. Because the sand is fully saturated, rapid dynamic loading will cause the applied stresses to be transferred to the water in an undrained fashion. If the dynamic loading has a magnitude that should lead to strains with a magnitude greater than the cyclic threshold strain, and if loading is sufficiently fast that there is not enough time for drainage, excess pore water pressure will accumulate. The excess pore water pressure will result in a reduction in effective stress, and can lead to liquefaction should the excess pore water pressure equal the total stress. A reduction in effective stress will also lead to changes in the strength and stiffness of the sand, which can cause greater settlements during drainage of water from the soil. Seismic-induced settlements in saturated sands will occur after shaking is stopped and excess pore water pressures are allowed to dissipate. Due to uncertainties in this process empirical approaches are commonly used to predict pore water pressure generation due to seismic loading and subsequent settlement. (Tokimatsu and Seed, 1987) The liquefaction resistance of sand is typically expressed in terms of the shear stress ratio CSR =  av / o ', where τ is the average induced cyclic stress and σ is the initial effective overburden pressure. Tokimatsu and Seed (1987) evaluated the impact of relative density and volumetric strain on the CSR, as shown in Figure 3 . This figure shows that higher volumetric strains will be induced in looser soils under lower levels of cyclic loading. They also observed that the CSR is dependent on sample preparation and stress history effects.
The earthquake-induced settlement of saturated sand under non-liquefied condition is also important. Lee and Albaisa (1974) investigated this subject and found that even when the earthquake motion is not strong enough to create liquefaction, some excess pore pressure will develop and the subsequent dissipation may lead to settlements. Tokimatsu and Seed (1987) showed the effect of normalized stress ratio (/ o ')/(/ o ') failure on the volumetric strain using the concept of excess pore water pressure ratio ( ∆ ⁄ ) as shown in Figure 4 . It can be seen that the settlement decreases significantly when the normalized stress ratio is less than 0.8. (Tokimatsu and Seed, 1987) In equivalent linear analyses performed with QUAKE/W, the excess pore water pressure is evaluated based on a user-defined r function. The excess pore water pressure is updated at the end of each iteration (see step 5 above), and the pore pressure value at the end of loading is used for liquefaction assessment. Effective stress-based deformation analyses such as those in SIGMA/W were found to result in reasonable settlement values when deformation does not arise due to reductions in effective stress (and modulus) due to excess pore water pressure generation (e.g., see deformation values in Figure 2 for dry sand). If effective stress reduction occurs due to pore water pressure generation, the stress redistribution technique can be used (GeoStudio 2007) . In this technique, if the shear stress in an element is greater than the shear strength of the soil due to the effects of pore water pressure generation they are transferred to neighboring elements that are not overstressed. Settlements are then calculated from the final stress distribution according to the selected constitutive model. The stress redistribution technique is a quasi-static analysis and is performed after shaking analysis is completed (i.e., in QUAKE/W). Settlements calculated using this technique for saturated soils are typically lower than measured values, so it should be used with caution (GeoStudio 2007). 
Seismic Settlement of Partially Saturated Sand
Seismic settlement in partially saturated sand likely occurs due to collapse of void spaces, dissipation of excess pore water pressure after seismic loading (if any), and reduction of shear modulus during changes in the unsaturated effective stress state. The relative impacts of these different mechanisms likely vary with the degree of saturation. As the void spaces in unsaturated soils are occupied by air and water, dynamic loads will be transmitted differently through the air, water and soil skeleton.
When sands have a low degree of saturation close to dry conditions, collapse of voids during earthquake shaking is likely the dominant cause of settlement. In this case, these partially saturated soils can be modeled using the same analysis as used for dry soils. As capillarity becomes more important for higher degrees of saturation, the collapse of the voids may be resisted by capillary forces. Specifically, matric suction can increase the inter-particle forces and provide resistance to inter-particle motion. An issue that should be considered is that should collapse occur, the degree of saturation may increase leading to a decrease in matric suction. Chu and Vucetic (1992) observed that partially saturated, compacted clay nearly reached saturation during cyclic loading. Changes in pore water pressure can also lead to changes in effective stress and soil modulus, which can affect the collapse mechanism under cyclic loading.
When sands have a high degree of saturation close to fully saturated conditions, pore water pressure generation may occur similar to saturated soils. Settlement of the partially saturated sand during dissipation of these excess pore water pressures will lead to settlement, although perhaps at a different magnitude than for fully saturated soils. Specifically, partially saturated sands will have higher shear modulus, so less settlement should occur during pore water pressure dissipation. Nonetheless, pore water pressure generation will lead to a reduction in the shear modulus of unsaturated soils, leading to behavior that is close to saturated sands. Stewart et al. (2004) and Whang et al. (2004) defined the term "seismic compression" as the contractive volumetric strain encountered in compacted fills under strong seismic loads. They studied the effect of relative compaction and degree of saturation on seismic compression of compacted soils. They observed that the volumetric strain decreases in soils with higher compaction water contents and moderate dry densities. For highly compacted materials, they observed that seismic compression is insensitive to degree of saturation. They attributed this behavior to a breakdown of inter-particle clods during compaction. Whang et al. (2000) also reported the influence of fines content on seismic compression, and found that clean sand provides an upper bound on most soils with respect to volumetric strain.
Although the relevance of earthquake-induced settlement of partially saturated sand has been demonstrated, a method for estimating settlements in unsaturated soils has not been developed. Although methods developed for dry and saturated sands may be applied to partially-saturated sand having degrees of saturation close to the two limiting conditions (dry and saturated), the mechanisms of settlement are more complex for intermediate degrees of saturation. Specifically, the mechanisms of settlement present in saturated and dry soils may both be present in such conditions. However, the effects of these mechanisms may not be as pronounced due to the effects of increased inter-particle forces arising from capillarity. Accordingly, it is likely that there will be lower seismic-induced settlements in partially saturated sands with intermediate degrees of saturation.
To evaluate the settlement behavior of partially saturated soils during earthquake shaking, a new methodology is proposed that combines the equivalent linear method with empirical pore water pressure generation functions. A schematic of this methodology is shown in Figure 5 . In this methodology, the equivalent linear approach is used to calculate the volumetric strain considering the impact of changing effective stress and strain level on the dynamic soil properties. Further, empirical observations of pore water pressure generation (and settlement during subsequent dissipation) with different magnitudes of shaking is used to consider the generation of excess pore water pressure during cyclic loading. The changes in pore water pressure from the empirical methods are incorporated into the effective stress state. The main advantage of this procedure is that it builds upon previous studies on dry and saturated soils. The authors are currently performing centrifuge-scale earthquake shaking tests on partially saturated sands to validate this methodology.
Figure 5. Methodology to consider inter-relationships in different variables needed to predict the settlement of unsaturated sand during earthquake loading
Effects of Stress State on the Dynamic Properties of Sand
Effective stress is an important parameter that should be expressed clearly because it has a direct impact on dynamic material properties. Although the definition of the effective stress is unique for fully saturated or dry soils ( ), there are different methods to state the effective stress variable for unsaturated soils. The suction stress σ is a relatively new concept that can be used to define the effective stress in unsaturated soils (Lu and Likos 2006) . The suction stress collectively incorporates the effects of several different sources of inter-particle stress, and is a function of the degree of saturation. The relationship between suction stress and the degree of saturation is referred to as the suction stress characteristic curve (SSCC). A SSCC for a fine sand along with its soil-water retention curve (SWRC) is shown in Figure 6 (a). The effective stress is calculated from the suction stress as follows: σ σ u σ (3) The small strain shear modulus has been observed to decrease in unsaturated soils with increasing degree of saturation (Hardcastle and Sharma 1998; Altun and Goktepe 2006) . Qian et al. (1991) found that there is an optimal value of the degree of saturation for sands at which the small-strain dynamic shear modulus reaches a maximum value, as shown in Figure 6 (b) . This is consistent with the shape of the suction-stress characteristic curve for sands observed Lu and Likos (2006) , which indicates that the inter-particle forces due to capillary are the greatest at an intermediate degree of saturation. Khosravi et al. (2010) also observed the same trend for Ottawa sand. Michaels (2006) performed viscoelastic analyses to estimate viscous damping in unsaturated soils and showed that higher degrees of saturation lead to higher damping. If the dynamic material properties are available for different suction levels, it is possible to interpret the effective stress-dependent dynamic properties such as shear modulus and damping ratio using the SSCC (Khosravi et al. 2010) . Typical SWRC and SSCC of fine sand (after Lu at al. 2007); (b) G/G dry versus degree of saturation (after Qian et al. 1991) Pore Water Pressure generation in Partially Saturated Sand Another variable that will lead to differences in the seismic response of saturated and unsaturated soils is the hydraulic conductivity, which is lower for unsaturated soils than for saturated soils. During rapid earthquake loading, unsaturated soils are expected to behave in a more undrained manner than saturated soils. Furthermore, an increase in pore water pressure due to shear loading will certainly cause water flow during dissipation, the rate of which is governed by the hydraulic conductivity of the unsaturated soil. An important implication is that the time for dissipation of earthquake-induced pore water pressures will be longer in unsaturated soils, which may lead to greater pore pressure build-up in unsaturated soils during earthquakes and aftershocks. This effect may be enhanced by collapses of voids which will lead to increases in the degree of saturation. However, soils with higher initial water contents will likely have greater magnitudes of excess pore water pressure despite the higher hydraulic conductivity than drier soils.
Figure 6. (a)
Pore water pressure generation is typically expressed in terms of a r function in seismic analyses. Since the mechanism of pore water pressure generation may be different in unsaturated soils, it is necessary to generate r functions for unsaturated sand at different suction levels. This is also necessary because the matric suction will affect the collapse mechanisms which can lead to changes in pore water pressure generation. In most models, r u functions are shown as a function of number of cycles at constant stress or cyclic stress ratio with constant number of cycles. Yegian et al. (2007) them with saturated condition under the same cyclic loading. The r u functions for a sand with very low initial density are shown in Figure 7 . Their data indicates that the amount of excess pore water pressure generated in unsaturated soils can be much lower than in saturated conditions. However, the degree of saturation of their sample is relatively high so the unsaturated sand behaved similar to the saturated sand. The sand was observed to liquefy in fully saturated condition but not in unsaturated conditions. It is possible that liquefaction could have occurred in the unsaturated sand had a higher loading magnitude been applied. 
Conclusions
Earthquake-induced settlement of partially saturated sand is a topic that has received little attention and deserves further investigation. An effective stress-based approach seems to be the most appropriate methodology, as the shear modulus and damping ratio are closely related to the effective stress state. This paper shows that equivalent linear approaches cannot predict the settlement of partially saturated sand under earthquake loading and they should be improved. Different from saturated and dry sand investigations, both pore water pressure generation and volumetric strain under cyclic loading should be evaluated for unsaturated sands. Data is reported from the literature which indicates that settlement in unsaturated sands during earthquake shaking occurs due to collapse of the voids, reduction in effective stress due to pore water pressure changes, and dissipation of excess pore water pressure. 
